The Hermes III accelerator at Sandia National Laboratories is a 20-cavity multi-stage linear induction voltage accelerator typically producing a 20-MV, 40-ns, 600-kA output pulse. Energy is initially stored in Marx banks that are each discharged into two intermediate store capacitors. Each of these capacitors are then switched with an SF6-insulated high voltage Rimfire gas switch into four parallel pulse forming lines that further condition the discharge pulse and deliver it to the induction cavities arrayed along the axis of the machine. Presently, a single 0.9-J KrF laser operating at 248 nm, the output of which is divided into twenty beams, is used to trigger the 20 rim-fire switches. As part of an upgrade to the accelerator, however, a new solid state laser triggering system is being designed to replace this system and provide additional capabilities for the accelerator. The laser triggering system will be made up of 10 discrete compact flash-lamp pumped, Q-switched Nd:YAG lasers (Tempest 300), each having an output energy of 40 mJ at a wavelength of 266 nm. As each laser will be responsible for triggering only two of the rim-fire switches, it becomes possible to shape the output pulse by varying the times at which the individual lasers fire. Overall reliability for the accelerator's operation with these new lasers will be increased, as well. The general layout of this new laser triggering system design will be presented, along with details pertaining to the triggering of the lasers and the optical beam paths.
INTRODUCTION
The Simulation Technology Laboratory (STL) at Sandia National Laboratories (SNL) operates a number of electron accelerator facilities that are open to both internal and external users for conducting radiation science and effects research. The principal accelerators include Saturn [1] and SPHINX, which are versatile and unique 2~3 MeV X-ray sources, and HERMES III, which is a 20 MeV Gamma Ray simulator [2] , [3] . HERMES III was first commissioned at SNL in the late 1980's ( Fig. 1 ) and at present is still operating with many of its original systems. Recently, efforts have begun to modernize many of the HERMES III systems. One of the more extensive system upgrades involves the laser triggering system for its intermediate store gas switches. Accurate sequencing of the gas switch triggering is important for establishing a fast rise-time for the output pulse, as well as for maximizing its amplitude. It can be said, therefore, that this system is essentially the defining system for the output pulse shape, and is thus one of the key systems on the accelerator. This paper describes the design of a new laser triggering system that is modeled in part after the successful intermediate store laser triggering system currently in use on the Z accelerator [4] . To provide background and context the next section of this paper first provides a brief overview of the HERMES III accelerator; Section III then provides a similar overview of the present laser triggering system. The new laser triggering system design is outlined in detail in Section IV, and Section V provides a brief discussion of the new system's greater flexibility with regard to the shaping of the output pulse, something which has not been explored on HERMES III before. Section VI then closes with a discussion of the status of the laser trigger system upgrade and other final remarks.
II. OVERVIEW OF THE HERMES III ACCELERATOR
Detailed descriptions of the HERMES III accelerator have already been presented elsewhere [2] , [3] and thus only a cursory description will be provided here for context. The basic layout of the pulsed power systems that make up the accelerator is illustrated by the diagram in Fig. 2 Each capacitor, in turn, is discharged through a 2.2-MV laser-triggered gas switch into four parallel 1.1-MV water dielectric pulse-forming transmission lines (PFLs). As is shown in the diagram in Fig. 2 , the eight PFLs originating from each pair of oppositely facing Marx generators feed a set of four inductively isolated cavities arrayed along the axis of the machine. These cavities allow the 1.1 MV from the PFLs to be stacked up along the length of a magnetically insulated transmission line (MITL) adder network, establishing approximately 4 MV along each set of four cavities and ultimately setting up a voltage of 20 MV at the final output of the accelerator [5] .
An extension MITL delivers the output from the adder typically to an electron diode/Bremsstrahlung converter assembly, though occasional experiments solely using an electron (or ion) diode as a load have also been performed.
When operating at typical charging parameters and trigger timings, the accelerator produces a 20 MV, 600 kA pulse at the diode, which has a FWHM of 40 ns. A typical radiation pulse from an electron diode/converter then will have a FWHM of 20 ns and provide a peak dose rate of 5 x 10 12 Rad[Si]/s over a cylindrical volume having a 500-cm 2 front surface area and a length of 15 cm [2] , [3] .
Though there are self-breaking water switches within each of the pulse forming lines, the timing for the gas switch triggering and closure of the gas switches is what essentially defines the shape of the final HERMES III output pulse.
Successful accelerator performance therefore depends upon accurate, low-jitter triggering of each gas switch, as well as a low prefire rate for each switch. The trigger time for a given switch will depend upon the switch's axial location in the accelerator, and, as might be inferred from Fig. 2 , the four gas switches associated with each pair of Marx generators are triggered simultaneously with one another. To account for pulse propagation time along the length of the MITL adder adjacent groups of four switches are successively delayed by 8.66 ns as one proceeds from the low voltage end of the accelerator down to the high voltage end.
III. LEGACY KR-F LASER SYSTEM
The present HERMES III laser trigger system uses a KrF discharge-pumped laser system that was designed to generate 0.9 J of radiation at 248 nm in a 30-ns pulse [6] . This was a previously commercially available system that was able to provide a beam quality of better than four times its diffraction limit. Following a small number of in-house modifications, the laser was also operating with a much-reduced standard deviation (l-σ) jitter of 3 ns (measured with respect to an external command trigger input).
The 0.9-J laser energy was selected in order to ensure that there would be in excess of 10 mJ delivered to each of the twenty switches, as below this threshold it was observed that the switch jitter would increase notably [3] . With 0.9 J of laser energy, 45 mJ could be allocated for each switch, thereby allowing for up to a factor of two loss in beam energy along the optical chain and up to another factor of two loss that might develop from the gradual degradation over time in laser performance due to the breakdown of the laser gas mixture. This latter loss could, of course, be recovered as soon as the laser gas mixture was exchanged. Figure 3 shows an illustration of the basic layout for the KrF laser system. The laser screen room, the beam transport tubes, and the optical cabinets are all highlighted and shown relative to the oil tanks. The KrF laser is located on an optical table inside the laser screen room to the bottom right of Fig. 3 . Outside the screen room the beam is directed north through a 25-cm diameter pipe until at the base of the "East Tower" it is divided in order to provide synchronized beams for the east and west oil tanks. (The east beam travels back toward the screen room for a short distance to keep it time-aligned with the west beam.) Both beams are then directed up into the two vertical optical towers, each servicing one-half the accelerator. Midway up into the towers the beams are split again and then directed down the long face of each oil tank through the upper and lower rows of optics cabinets. Within the rows of optical cabinets, the four beams are further split into twenty beams to deliver pulses of equal energy to each gas switch after the beams are properly delayed for proper switch sequencing. Detailed optical path diagrams can be found in Ref. [6] .
The total path length from the laser to the switches is approximately 32 m, though each path has some adjustability built in through combinations of "trombone" mirrors which are located in the optical boxes adjacent to the accelerator. The whole optical path is enclosed, and efforts have been made to environmentally seal it against dust, and it is continually purged by filtered clean air generated in the laser screen room. (Over time, however, it is noted that some dust still coats the optics in the system, as well as a thin film of oil coming from the oil vapor permeating the air around the tanks.) The optical towers and cabinets are mounted to supports which are affixed to isolated concrete embedments in the floor of the accelerator building. The laser support structure is therefore isolated from the accelerator and from the larger building concrete slab under it.
IV. DESIGN OF SOLID-STATE LASER TRIGGERING SYSTEM
A. System Overview While the KrF laser system has the convenience of requiring maintenance for and operation of only one laser, this system also has several drawbacks. First, because of its age, the system is developing more problems and becoming less reliable to operate, and because it is the only laser and is responsible for triggering all of the Rimfire switches, it is becoming more likely for the laser to cause a shot to fail and/or hold up operations on the accelerator. Also, because of the system's age, it is very difficult to find replacement parts for the KrF system, and the fluorine used in it clearly has undesirable health risks. All of these factors combined with the growth in laser technology over the last decade -particularly solid-state laser technology -have provided a strong incentive to develop a replacement laser triggering system.
A new system using 10 solid-state Tempest 300 Nd:YAG lasers, which are emitting at 266 nm (their fourth harmonic), has therefore been designed and is currently being assembled. As there are 20 Rimfire switches, each laser will be responsible for triggering two of the switches. Rather than placing the lasers in the existing laser screen room and attempting to guide ten beams out to the switch ports and split them there as is presently done, each laser will be mounted on its own optical breadboard inside an RF-tight enclosure, as shown in Fig. 4a . Each enclosure will then be positioned adjacent to two of the rim-fire switch ports --an upper port and a lower port. With such an arrangement, it is still possible to take advantage of the pedestals and isolated concrete embedments in the floor that the present optical cabinets are using. This is accomplished by constructing a frame for the cabinets that straddles adjacent pedestals, as shown in Fig. 4b . Thus, the new system is provided the same degree of shock isolation as was afforded the KrF laser system. The use of multiple lasers provides at least three advantages over the current system. First, failure of one laser to operate in this setup will not completely invalidate the shot but rather simply result in a reduced output from the accelerator. Second, with the proposed laser system it is possible to vary the triggering of sets of switches in such a way as to tailor the shape of the HERMES III output pulse. Pulse shaping will be a brand new capability for HERMES III and will be discussed further in Section V. Finally, by switching to the solid-state Tempest lasers there will no longer be any hazardous Fluorine gas associated with the system.
B. Optical Component Layout
A review of the optical path diagrams shown both in Ref. [6] and in internal maintenance documents for the HERMES III KrF system indicate that a KrF beamlet for a given Rimfire switch requires from 10 to 14 optical components (primarily mirrors and beam splitters) for it to be directed to its target switch. Because the new laser trigger system calls for placement of the lasers just outside switch ports in the oil tank, the number of required optical components is considerably reduced. Figure 5 provides an illustration of the component layout on the optical breadboard for each Tempest laser system. The placement of the laser is shown as well as that of the beam splitter, the various turning mirrors, and several other components along the path to the two Rimfire switches. It should be noted that though the primary output of the laser is at the fourth harmonic at 266 nm, approximately 1% of the output will be at the second harmonic at 532 nm. It then becomes possible, with appropriate coatings on the optics for these wavelengths, to make use of the 532-nm component for diagnostic purposes [7] . The laser output is first expanded from 5 mm to 15 mm with a beam expander to reduce field stresses on the optical components. After expanding, the beam, which contains both the primary 266 nm and the residual 532 nm light, is then divided into two with a beam splitter. One beam passes through the splitter to be directed to the upper switch, while the other is reflected downward to the lower switch. Both beams are guided with a set of three turning mirrors to the 1.1-m focusing lenses at each of the switch ports. As suggested above, the mirrors are only 50% reflective for the 532 nm residual component, allowing ThorLabs Det025A photodiode detectors to be placed behind the first mirror of each path for pulse width and timing confirmation. The final component in each beam path is a fused silica window which serves as a barrier between the atmosphere and the SF6 environment within the beam transport tube and switch. The total path length for the optical layout is only 2.5 m, a reduction of almost a factor of 13 when compared to the KrF system.
C. Energy Budgeting
The minimum laser energy required for reliable triggering of the HERMES III Rimfire-style switches, as indicated in reports and published literature, is somewhat ambiguous. Hamil, et. al., in Ref. [6] , indicate that the minimum laser energy delivered to any one Rimfire switch with the KrF system was 15 mJ, while the maximum was 25 mJ. Two years later Denison, et. al., confirm that the energy within each beamlet was typically within the range of 10-30 mJ [8] , but they also describe a study examining the dependence of Rimfire switch operation on laser pulse width and energy. In their study the pulse width was decreased to 15 ns (from 26 ns) and pulse energy was reduced by 50% from 15 mJ down to 7 mJ. With an applied voltage across the switch that was sufficiently close to self-break (>60%), their test data showed that the triggering of the switch was not significantly affected by the reduction in pulse energy and width. A report one year earlier by Ramirez, et. al., however, provides a somewhat conflicting statement, namely that "Testing on individual [switch] units established that the switch jitter performance degraded when the laser energy is below the 10-mJ level" [9] .
A more recent and detailed examination of Rimfire switch triggering conducted by LaChien, et. al. [10] showed that both runtime (i.e., the time between when the laser pulse appears within the triggered gap of the switch and when the switch begins to conduct) and switch jitter increased when the laser energy dropped below half of the maximum energy available, i.e., from 21 mJ to 10 mJ. At only 5 mJ the runtime had increased to 32 ns (vs. 18 ns at 21 mJ) and the jitter was ±6 ns (vs. ±1 ns at 21 mJ), and with just 1 mJ of laser energy, while it was still possible to trigger the switch, the runtime and jitter had increased to 58 ns and ±18 ns, respectively.
In this more recent work the Rimfire switch design was not the same as that used on HERMES III, as it had been modified for use on the Z accelerator; thus comparison between its performance and that of the HERMES III switches is limited. The results of the study suggest, however, that while it is possible to trigger with less than 10 mJ of energy, the breakdown mechanisms within the Rimfire switch become less prompt and more varied under these conditions. Efforts were therefore made to ensure that the energy delivered to each switch by the new HERMES III laser triggering system was sufficiently above this threshold. A reasonable target value was the 15-mJ minimum originally reported by Hamil, et. al. The Tempest 300 lasers are stated to have an output energy of 40 to 45 mJ in each pulse [11] . This energy is promptly cut in half with the beam splitter to facilitate triggering two Rimfire switches. While 45 mJ was the energy available for a single switch with the KrF system, the total number of optical components in the path for the Tempest system is considerably reduced -from 10 to 14 down to 6. Thus, reflection and transmission losses should be lower by a factor of two, and without a gas mixture needing to be periodically changed in the laser, there will be no degradation in laser performance to reduce the energy over time, either.
An estimate of the laser pulse energy expected to reach each switch is calculated as follows. Antireflective coatings on the turning mirrors should provide R > 99% for 266 nm, and on the beam splitters the coatings will provide R ~ 50% on the first surface and R < 1.3% for 266 nm at the second surface. Assuming each laser is producing its minimum-rated 40 mJ at 266 nm, and assuming a worst-case loss within the beam expander, the focusing lens, and the fused silica viewport of 10% each, the energy delivered to each switch should be 14.0 mJ. This is sufficiently above the 10-mJ threshold noted by Ramirez, et. al ., that reliable low-jitter operation of the switches is expected. With proper alignment and tuning within the lasers such that operation is more toward the 45-mJ maximum, 15.7 mJ is then expected at each switch.
V. OUTPUT PULSE SHAPING CAPABILITY
With the Tempest laser triggering system, tailoring of the HERMES III output pulse shape becomes a possibility through varying the trigger timing of the individual lasers. This capability was also present with the KrF system in a limited fashion, through the use of the trombone mirrors, however adjustments were limited in their extent and somewhat cumbersome to implement. The graph in Fig. 6 attempts to illustrate the capability possible with the Tempest system.
Moving along the central MITL of the accelerator, there are five groups of four cavities (Fig. 2) . With each cavity providing a voltage of approximately 1 MV, the output from a four-cavity group would be 4 MV; this is illustrated by the "Group 1" waveform in the graph. There is a short delay implemented between the Rimfire switch triggering for each set of four cavities (8.66 ns) to account for propagation delay along the MITL; that is, as the voltage pulse from Group 1 approaches the Group 2 cavities, the Rimfire switches associated with Group 2 are triggered so that the voltage continues to build on the MITL. By the time the pulse arrives at the final cavity group, the "Standard Voltage" waveform has formed. Further delaying the Rimfire switch triggering for each set of four cavities could allow the power pulse to be significantly broadened, as shown by the "Standard + 10 ns" waveform in Fig. 6 , or by increasing the delay for only some of the cavity groups, a pedestal or foot could be added to the main pulse, as illustrated by the "Group 1&2 Standard; Groups 3-5 + 40 ns" waveform. In general, each group of four cavities could be triggered at different times in order to achieve a variety of different pulse shapes. One could also imagine varying the timing for each pair of Rimfire switches to provide further shaping of the pulses. 
VI. SUMMARY
A new laser triggering system has been designed for the HERMES III Rimfire switches, and this system is currently being assembled. This new system will replace the present legacy system which utilizes a single 0.9-J KrF laser with ten 40-mJ solid-state Tempest 300 Nd:YAG lasers, each of which will be used to trigger two of the HERMES III Rimfire switches. With multiple lasers arranged in this fashion, the accelerator's operational reliability is improved, and it becomes possible to tailor the pulse shape by varying the trigger timing for each laser. Such pulse-shape tailoring could allow for a variety of physics experiments to be performed on the HERMES III accelerator.
